The aim of the present study was to confirm the relevance of studying DNA adduct formation in a field study. In that context, freshwater mussels Dreissena polymorpha, collected in a reference station, were transplanted in different sites with a pollution gradient. After one and two months, mussels were collected and DNA adduct formation was analyzed using the 32 P post labelling technique on both gills and digestive glands. In addition, the expression of genes involved in the detoxification system (catalase (CAT), superoxide dismutase (SOD), glutathione S-transferase (GST), HSP70, aryl hydrocarbon receptor (AHR), P glycoprotein (PgP), metallothionein (MT)) was assessed by RT-PCR. DNA adducts were observed at amount comparable to data from literature. Increase of DNA adducts after two months of transplantation could be correlated with strong modulation of gene expression implicated in detoxification processes. Indeed, PgP and HSP70 gene expressions were similarly induced in gills and digestive glands while SOD and CAT expressions were down regulated in both tissues. AHR, GST and MT genes were differently regulated depending upon the tissue studied and the level of contamination in the different sites. We demonstrated that mussels transplanted in the different stations with pollution gradient were able to biotransform PAHs, assessed by DNA adduct formation and the high decrease of detoxification genes. Specific DNA adducts pattern obtained after one and two month mussel transplantations demonstrated the relevance of DNA adduct as biomarker of environmental pollution.
Introduction
The freshwater mussel Dreissena polymorpha (Pallas, 1771) has been largely used for biomonitoring in lakes and in rivers ( Binelli et glutathione S-transferase (GST), the phase I biotransformation enzyme ; the superoxide 88 dismutase (SOD), responsible for the reduction of the superoxide radical to hydrogen 89 peroxide; the catalase (CAT), catalysing the breakdown of hydrogen peroxide to water and 90 Mussels were placed into polyethylene 5mm-mesh experimental cages as previously 125 described (Bourgeault et al., 2010 ). Thirty mussels were transplanted for 1 or 2 months on 126 each of the three sites of the Seine river basin (France) (Fig.1 ). Thirty mussels were also 127 transplanted at the reference site of Vertuzey during the same time. The site of Marnay-sur-128
Seine was located 200 km upstream Paris while the two other sites, Bougival and Triel-sur-129
Seine were located downstream Paris and subjected to urban pollution as described in 130 previous studies (Fernandes et al., 1997; Bourgeault et al., 2010) . The site of Triel is 131 subjected to both urban contamination and waste water discharge from domestic and 132 industrial sewages. After one and two months of transplantation, mussels were collected; 133 digestive glands and gills were dissected and stored at -80°C for further analysis. were then treated with proteinase K solution (20 mg/mL SET) for 1 h at 37 °C. After 145 digestion, DNA was extracted by rotiphenol (phenol saturated by Tris). The aqueous phase 146 was collected after two extractions. After a final extraction with one volume of 147 chloroform/isoamyl alcohol (24:1), the aqueous phase was collected. The DNA was 148 precipitated by the addition of two volumes of cold ethanol overnight at -20°C. The purity of 149 the DNA was checked by recording UV spectra at 220 and 320 nm. 150
151
32 P postlabeling 152 DNA adducts were detected using the validated nuclease P 1 enrichment method (Philipps & 153 Castegnaro, 1999 ) and the separation was done after contact transfer (Pfohl- Leszkowicz & 154 Castegnaro, 2005) . In brief, DNA (4µg) was digested at 37 °C for 4 h with 10 µL of the mix 155 containing of micrococcal nuclease and spleen phosphodiesterase. The digested DNA was 156 then treated with nuclease P1 at 37 °C for 45 min. The DNA adducts were labeled as follows. 157
To the NP1 digest, 5 µL of the reaction mixture containing 2 µL of bicine buffer [Bicine (800 158 µM), dithiothreitol (400 mM), MgCl2 (400 mM), and spermidine (400 mM) adjusted to pH 159 9.8 with NaOH], 9.6 U of polynucleotide kinase T4, and 100 µCi of For the quantification of total DNA adducts, the TLC plates were then placed in a storage 177 phosphor cassette containing a storage phosphor screen (Amersham) and exposed overnight. 178
Results are digitized using a storage phosphor imaging system (Typhoon™ 9210, Amersham) 179 and quantitated using ImageQuant™ 5.0 software. After background subtraction, the levels 180 of DNA adducts were expressed as relative adduct labelling (RAL) in total nucleotides. To 181 calculate the levels of screen response (screen pixel) in dpm (disintegration per minute), 182 samples of 32 P-ATP at different concentrations from 10 to 500 dpm were appropriately 183 diluted and spotted on TLC plate. This TLC plate was then analysed on the Typhoon with the 184 samples to obtain a radioactivity scale. The sensitivity allows detection of B[a]P adduct as 185 low as 0.1 nucleotide/ 10 10 nucleotides. 186
187

RNA extraction, RT-PCR and quantitative RT-PCR analysis 188
Total RNA from control and exposed mussels was extracted using TRIzol (ΔCp = Cpref -CpTG). PCR efficiency values for reference and tested genes were calculated 199 as described (Pfaffl, 2001) . Results of gene expression from mussels collected in the different 200 sites were chosen to be compared to those of mussels from Vertuzey site as they were native 201 from this site; moreover this site is considered as the reference according to chemical analysis 202 (Michel et al., 2012) . 203
204
Statistical analysis 205
Adduct and RT-PCR results are given as mean values ± S.D. of 3 repetitions of each test 206 (10 mussels per condition pooled for DNA adduct analysis and 3 mussels per condition 207 pooled for RT-PCR measurements). The measured values were compared among different 208 locations using an Analysis of Variance (ANOVA) followed by a Tukey post hoc test. 209
Statistical significance was accepted at a P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). 210 211
Results 211
DNA adduct level 212
An example of DNA adducts pattern is presented figure 2. Depending on the location, the 213 number of individual adducts ranged from 1 to 6 adducts. In reference location a faint adduct 214 numbered #a, was observed, and does not correspond to the other adducts. Comparison of 215 DNA adducts pattern from the three sites on Seine river showed that pollutants were not the 216 same everywhere. One adduct (#1) was present in the three locations, whereas the other ones 217 were specific to Marnay site (# 5; 6; 7) or to Triel (# 2; 3). The adduct number # 4 was 218 common to Bougival and Triel sites. Total DNA in gills and digestive glands are shown in 219 figures 3A and 3B respectively. 220
221
Concerning the gills (Fig. 3A) , highest amounts of total DNA adducts were detected in 222 mussels encaged for 1 and 2 months in Bougival site (13.5 and 16.7 adducts/10 9 nucleotides, 223 respectively). Mussels from Triel station depicted the lowest quantity of DNA adducts for 224 both time exposure (3 and 5.2 adducts/10 9 nucleotides, respectively). After 2 months of 225 caging, quantity of DNA adducts increased in mussels collected from the three different sites. 226
As regard to mussels transplanted in Vertuzey site, they did not present any significant DNA 227 adducts (below limit of quantification) for both time exposure tested. 228
229
The highest amounts of DNA adducts in digestive gland was detected in mussels transplanted 230 to Marnay for one month (11.7 adducts/10 9 nucleotides). It is necessary to mention that this 231 high amount was mainly due to one specific adduct (# 7) observed at this site (Fig.3B) . 232
Higher amount of DNA adducts was observed in digestive gland of mussels from Triel site 233 transplanted one month compared to Bougival site (6.8 versus 5.5 adducts/10 9 nucleotides, 234 respectively). After 2 months of transplantation, a significative decrease of total amount of 235 DNA adducts was observed at Marnay site, whereas it increased in Triel and Bougival sites. 236 237
Gene expression 238
In order to investigate some of the mechanisms of detoxification, we performed gene 239 expression analysis in the freshwater zebra mussel using quantitative RT-PCR. In gills, after one month of transplantation, AHR mRNA expression was 10 times 243 lower in mussels from Marnay, Bougival and Triel stations than those transplanted in 244 Vertuzey site (reference site). The same tendency was observed in the digestive glands, as 245 AHR mRNA expression was drastically reduced in mussels transplanted in the Seine river 246 sites as compared to Vertuzey (Fig. 5 A) . 247
On the contrary, after 2 months of caging, mRNA level in gills increased significantly in all 248 mussels transplanted in the Seine river sites, with a seven times increase in animals 249 transplanted at Bougival (Fig. 4A) , compared to Vertuzey. 250
Concerning SOD gene, its expression was about 10 times decreased in gills and from 2 251 to 100 times in digestive glands in mussels encaged for 1 and 2 months in Marnay, Bougival 252
and Triel compared to Vertuzey (Fig. 4 B; fig. 5 B) . 253
254
The same profile was observed for CAT gene expression in gill of mussels which 255 reduction was significant in all stations compared to control (Fig. 4 C) . However, in the 256 digestive glands, only a significant CAT induction (about 1.5 fold) was noticed after 2 months 257 of caging in Triel compared to Vertuzey (Fig. 5 C) . 258 259 GST mRNA level were only significant in gills of mussels from Marnay after 1 and 2 260 months (about 1.5 to 3 times). For all the other conditions, a significant decrease in GST 261 expression was observed (Fig. 4 and 5 D) . 262 263 P-gP gene expression was induced in gills of mussels encaged in Bougival after 1 and 264 2 months, and only after 1 month in digestive glands (Fig.4 E) . The highest induction was in 265 gills after one month of transplantation (9 times compared with Vertusey) (fig. 5 E) . A slight 266 induction of P-gP mRNA level was also observed in gills of mussels from Marnay following 267 1 month of caging and 2 months of caging in both tissues. 268
A slight induction in PgP mRNA level was also noticed in mussels transplanted in Triel after 269 2 months of caging. For all of the other time points, a significant decrease of P-gP expression 270 was observed (Fig. 4 and 5 E). 271
272
As shown in figure 4 (F), HSP70 gene expression was significantly increased in gills 273 of mussels encaged in all stations for 1 month, with the highest level observed for mussels 274 collected in Marnay (4 fold increase compared to reference site). After 2 months of caging, a 275 decrease of its expression was observed in gills of mussels collected in all stations, compared 276 to Vertuzey. Digestive glands depicted the highest level of HSP mRNA in mussels encaged in 277
Marnay and Triel for 1 months, with a 4 and 13 fold increase compared to reference site, 278 respectively, whereas after 2 months, only an induction of HSP 70 mRNA expression was 279 noticed in digestive glands of mussels from Triel (16 fold increase compared to control 280 group) (Fig. 5 F) . 281 282 Metallothionein gene expression was significantly decreased in all conditions tested 283 with the exception of a high induction in digestive glands of mussels transplanted in Marnay 284
and Triel for 2 months (Fig. 4 and 5 G) . Interestingly, compared with others genes measured 285 in this study, the highest induction was observed with MT gene, with a 40 times induction in 286
the digestive glands of mussels transplanted at Marnay and Triel for 2 months (fig. 4 G) . DNA adducts are formed in gills and digestive glands of mussels transplanted either at 301 the reference site of Vertuzey or at three contaminated sites along the Seine River, Marnay, 302
Bougival and Triel. The total DNA adduct amount ranged from 3 to 16.7 adducts/10 9 303 nucleotides in gills and from 5.5 to 11.8 adducts/10 9 nt in the digestive glands. The highest 304 amount was measured in gills of mussels from Bougival (16.7 adducts/10 9 nt), mainly due to 305 one specific adduct. Skarphédinsdóttir et al. (2007) also showed higher levels of DNA 306 adducts in gills of marine mussels exposed to PAHs in Nordic sea sites compared to digestive 307 gland. Compared with other field studies, DNA adduct amount measured in this study was in 308 the same range. Indeed, zebra mussels collected in the Seine estuary presented DNA adduct 309 levels from 3.9 to 10 /10 9 nt (Le Goff et of PAHs in soft tissues, indicating that mussels were not able to detoxify those compounds. 321
Formation of specific adducts site depending indicated that the nature of pollutants is 322 probably not exclusively related to PAHs. Some of specific adducts observed in Triel can be 323 due to waste water sewage for example. Two adducts were only observed at Bougival and 324
Triel and thus can be due to urban and industrial activities in Paris. DNA affect the reactivity of mussels to contaminants (Buschini et al., 2003) . 332
333
In our study, we observed that DNA adduct pattern was similar and in the same range after 2 334 months of caging, except in Marnay site. If we only take into account the adduct # 1, which is 335 common to the three sites, it appears that it increases at the both sites downstream Paris, 336
whereas it decreases at Marnay. The specific adduct found in organs of mussels from Marnay 337 could be due to other pollutants including pesticides or pharmaceuticals (Ginebreda et detoxification processes such as CYP450 (Whitlock, 1999; Hankinson, 1993 Leszkowicz, 2008). AHR expression was enhanced in gills of mussels collected in polluted 362 sites suggesting the presence of PAHs contaminants in those sites, as measured in water 363 (Michel et al., 2013 ). An induction of AHR expression was only detected in gills and not in 364 digestive glands which could be explained by the fact that gills is the first tissue in contact 365 with pollutants and could explain the high efficiency of gills to detoxify PAHs, assessed by 366 lower DNA adducts, compared to digestive glands. In a previous laboratory experiment 367 (Châtel et al., 2012) , it has also been demonstrated a faster induction of AHR gene expression 368 in gills compared to digestive gland. 369 370 GST gene expression was only induced in gills of mussels transplanted in the different sites. 371
Glutathione S-transferase is a phase II enzyme that plays a role in the detoxification, by GSH 372 conjugaison, of electrophilic xenobiotic compounds. In this study, it appeared probably that 373 GST was precociously activated in digestive glands. Power and Sheehan (1996) have 374 observed a higher GST activity in gills than in digestive glands depending on the season. 375
It appeared that both in gills and digestive glands, HSP70 and PgP gene expression were 376 significantly increased whereas SOD and CAT gene expression were decreased. Tissue 377 specific differences were depicted in AHR, GST and MT gene expression levels. Indeed, 378 AHR and GST gene expression increased in gills and decreased in digestive glands while the 379 contrary was noticed for MT expression. In gills, the most induced genes were AHR (14 380 fold), PgP (10 fold), HSP70 and GST (4 fold) genes while MT (40 fold), HSP70 (16 fold), 381
PgP and CAT (2 fold) were more expressed in digestive glands. 382
All organisms from bacteria to mammals exposed to environmental stressors respond by 383 synthetizing heat-shock protein (HSP70) (Schlesinger et al., 1982) . HSP70 gene expression is 384 implicated in protein repair, transport and protection from oxidative stress (Contardo-Jara et 385 al., 2010). 386
Our results showed that HSP70 mRNA expression was strongly induced (4 fold and 16 fold 387 increase compared to mussels from reference site) both in gills and digestive glands of D. 388 polymorpha transplanted at different sites with pollution gradient, this can be explained by 389 presence of xenobiotics such as PAHs. HSP70 protein expression was enhanced in marine 390 mussels exposed to PAHs (Werner et al., 1998) , with a correlation to the formation of DNA 391 adducts and oxidative damage (Solé et al., 1996) . Studies have demonstrated a variability of 392 HSP70 induction/duration depending on the stressor (temperature, salinity, xenobiotic, 393 metals…), dose, time of exposure and organisms. For example, in zebra mussels, an exposure 394 to heavy metals induced a transient increase in HSP70 mRNA level after 1 day ( The transmembrane P-glycoprotein (P-gP) was as well induced in both tissues from mussels 407 transplanted in the different sites compared to reference site. P-gP is a part of the 408 multixenobiotic resistance (MXR) mechanism and has been demonstrated to be induced in 409 response to xenobiotics and especially PAHs (Bard, 2000). 410
Our results showed an induction of P-gP expression depending on the pollution gradient 411 (Michel et al., 2013 ) (a higher amount in mussels from Bougival than Marnay). PgP has been 412 demonstrated to be involved in excretion of PAHs from cells (Kurelec et al., 1995) and hence 413 indicated the process by which the mussel eliminates the pollutants from its cells, suggesting 414 a detoxification process in mussels transplanted. An up-regulation of P-gP mRNA was also 415 observed after mussel exposure to the β-blocker metroprolol (Contardo-Jara et al. synthesize MTs (Sarkar et al., 2006) . The high induction of MT gene in transplanted mussels 432 suggests that mussels are exposed to heavy metal, indicating the presence of metals in water. 433
The contamination by heavy metals has been largely described in the Seine river ( MT gene in zebra mussels exposed to low Cd, Cu and Hg concentration (20µg/L). 438
All those data strongly converge towards the fact that mussels were able to activate their 439 detoxification mechanisms. However, this detoxification was not efficient enough to clear 440 
Conclusion -Perspectives 444
Field studies showed the complexity of environmental impacts on freshwater organisms, and 445 made us realize about the importance of taking this into account to define new biomarkers. 446
This study was performed to validate the suitability of using DNA adduct measurement in 447 zebra mussels for genotoxicant monitoring of fresh water pollutants. 448
Our data highlighted the potential of the zebra mussel to detoxify pollutants. They also 449 showed significant DNA adducts formation in both tissues, correlated to high presence of 450
PAHs in water as in organisms (Michel et al., 2013 Table 2 . Comparison of biomarker responses between gills and digestive glands of mussels transplanted in different sites along the Seine river 
